Aims/hypothesis This study investigated fibroblast growth factor 21 (FGF21)-mediated cardiac protection against apoptosis caused by diabetic lipotoxicity and explored the protective mechanisms involved. Methods Cardiac Fgf21 mRNA expression was examined in a diabetic mouse model using real-time PCR. After preincubation of palmitate-treated cardiac H9c2 cells and primary cardiomyocytes with FGF21 for 15 h, apoptosis and Fgf21-induced cell-survival signalling were investigated using small interfering (si)RNA and/or pharmacological inhibitors. We also examined the cardiac apoptotic signalling and structural and functional indices in wild-type and Fgf21-knockout (Fgf21-KO) diabetic mice.
Introduction
Diabetic cardiomyopathy is attributed to multiple pathogenic factors, including hyperglycaemia, hyperlipidaemia, hypertension and inflammation [1] [2] [3] . Cardiomyopathy is the late consequence of diabetes-induced early cardiac responses. One of the key early cardiac responses is apoptosis [2, 4, 5] . Inhibition of the early cardiac apoptosis can prevent subsequent diabetic cardiomyopathy [4, 6] . Thus, reducing cardiac apoptosis may be beneficial to prevent diabetic cardiomyopathy.
Fibroblast growth factor 21 (FGF21) has been identified as a potent metabolic regulator with specific effects on glucose and lipid metabolism [7] [8] [9] . It has been predominantly investigated in the liver and adipose tissue [10] . However, FGF21 is also expressed in other tissues such as the myocardium [11] . FGF21 was found to be an acute response protein to protect tissues from acute toxicity [12, 13] . Additionally, the antiapoptotic effects of FGF21 on islet beta cells and endothelial cells were also reported [14, 15] . However, the effect of FGF21 on the heart remains largely unknown. FGF21 functions through binding to fibroblast growth factor receptor (FGFR)1 and the co-factor β-Klotho [16] . The existence of FGFR1, β-Klotho [17] and FGF21 [11] in the myocardium implies that FGF21 may play certain physiological roles in the heart. Recently, several studies have demonstrated FGF21-mediated protection against myocardial ischaemia/ reperfusion injury [18, 19] and isoprenaline-induced cardiac hypertrophy [20] . However, the effect of FGF21 on diabetic heart remains elusive.
In the present study, we examined whether FGF21 protects the heart from NEFA-or diabetes-induced cardiac apoptosis and dysfunction in vitro and in vivo.
Methods
Animal experiments Five sets of animal studies were performed: (1) measuring cardiac Fgf21 mRNA expression; (2) assessing cardiac FGF21-mediated protection from lipotoxicity induced by NEFA infusion; (3) evaluating acute FGF21-mediated protection from diabetesinduced cardiac apoptosis; (4) testing whether Fgf21-knockout (Fgf21-KO) mice are susceptible to diabetic cardiac apoptosis; and (5) testing whether FGF21 prevents diabetic cardiomyopathy in a model of chronic diabetes. All animal experiments were conducted in accordance with the guideline of the Institutional Animal Care and Use committees of Wenzhou Medical University and University of Louisville. See electronic supplementary material (ESM) Methods for details.
Cardiac function and BP assay Cardiac function and BP were measured by echocardiography and tail-cuff manometry, respectively [21, 22] . See ESM Methods for details.
Biochemical and histochemical assay Plasma triacylglycerol was measured using a triacylglycerol assay kit. Cardiac apoptosis was detected by TUNEL or DNA fragmentation [23] . Cardiac fibrosis was examined using Sirius Red staining. The expression and/or phosphorylation of target genes was detected by western blot or real-time quantitative (q)PCR. See ESM Methods for details.
Primary cardiomyocyte isolation, cell culture, palmitate and FGF21 treatments and small interfering RNA transfection Adult mouse cardiomyocytes were isolated as described previously [24] . H9c2 cells and/or cardiomyocytes were pre-treated with pharmaceutical inhibitors or specific small interfering (si)RNAs against Erk1 (also known as Mapk3)/Erk2 (also known as Mapk1), p38Mapk (also known as Mapk14) and Ampk with or without FGF21 (50 ng/ml), followed by palmitate treatment for 15 h. A pilot time-course study has been performed to optimise the transfection efficiency with p38Mapk siRNA in adult mouse cardiomyocytes (ESM Fig. 1 ). See ESM Methods for details.
Statistical analysis Data were collected from three replicates of cell-culture experiments, or from n≥5 mice per group for in vivo studies and presented as mean ± SD. One-way ANOVA was used to determine general differences, followed by a post hoc Tukey's test for the difference between groups, using Origin 7.5 software (Northampton, MA, USA). Statistical significance was considered as p<0.05.
Results
Fgf21 mRNA expression is increased in the heart of mice with diabetes We found that fasting for 24 h increased Fgf21 mRNA expression about nine fold in the heart (ESM Fig. 2a ) and 26-fold in the liver (ESM Fig. 2b ). The endoplasmic reticulum stress inducer thapsigargin [25, 26] also significantly increased Fgf21 mRNA in the heart (ten fold) (ESM Fig. 2c ) and liver (14-fold) (ESM Fig. 2d ). In streptozotocin (STZ)-induced diabetic mice, the hepatic Fgf21 mRNA expression was significantly decreased at 2, 4 and 6 months after diabetes onset (ESM Fig. 2f ), while cardiac Fgf21 mRNA was unexpectedly increased 40-fold at 2 months and 1.5-2.5-fold at 4-6 months (ESM Fig. 2e ).
FGF21 prevents palmitate-induced cardiac apoptosis via ERK1/2-mediated pathways To define the remarkable induction of cardiac Fgf21 expression at the early stage of diabetes as a protective response to diabetic lipotoxicity, H9c2 cells were treated with palmitate to mimic diabetic hyperlipidaemia [27] . Exposure of H9c2 cells to palmitate at 62.5 μmol/l for 15 h induced a significant increase of apoptosis, detected by caspase-3 cleavage and DNA fragmentation (Fig. 1a, b) , which was prevented by FGF21 in a dose range of 25-100 ng/ml. The mechanistic study revealed that palmitate inhibited the phosphorylation of extracellular signal-regulated kinase (ERK)1/2 (Fig. 1c) , mitogen-activated protein kinase 14 (p38 MAPK) (Fig. 1d) and AMP-activated protein kinase (AMPK) (Fig. 1e) , and this effect was reduced by FGF21 treatment (Fig. 1c-e) .
To establish whether the upregulation of these kinases is required for FGF21-mediated protection, H9c2 cells were treated with both FGF21 (50 ng/ml) and an inhibitor of ERK1/2 (PD98059, 20 μmol/l), p38 MAPK (SB203580, 20 μmol/l) or AMPK (compound C, 10 μmol/l) for 1 h before and during palmitate treatment for 15 h (Fig. 1f-h ). The FGF21-mediated protection from palmitate-induced apoptosis was attenuated by each kinase inhibitor (Fig. 1f-h ). To exclude a non-specific effect of an inhibitor, we further evaluated the role of these kinases in FGF21-mediated protection by using specific siRNAs against Erk1/2 (ESM Fig. 3a-c) , p38Mapk (ESM Fig. 3d-f ) and Ampk (ESM Fig. 3g-i) . We found that the specific siRNA, but not the control, efficiently silenced the expression and phosphorylation of each kinase (ESM Fig. 3a-i) , and also abolished FGF21-mediated protection from palmitateinduced apoptosis in adult cardiomyocytes (Fig. 1i-k) . Inhibition of ERK1/2 or AMPK also increased phosphatase and tensin homologue (PTEN) phosphorylation (Fig. 1l) .
Time-course studies showed that FGF21 treatment for 1-15 h increased ERK1/2 phosphorylation at 1-3 h and 9-12 h, peaking at 1 h and 9 h (ESM Fig. 4a ), p38 MAPK phosphorylation at 3-9 h, peaking at 6 h (ESM Fig. 4b ), and AMPK phosphorylation at 6-15 h, peaking at 12 h (ESM Fig. 4c ). To dissect whether these kinases are in the same signalling pathway, H9c2 cells were treated with FGF21 and each inhibitor for 15 h (ESM Fig. 4d-l) . PD98059 inhibited not only ERK1/2 (ESM Fig. 4d ), but also p38 MAPK (ESM Fig. 4e ) and AMPK (ESM Fig. 4f ). SB203580 did not affect ERK1/2 (ESM Fig. 4g ), but significantly inhibited p38 MAPK (ESM Fig. 4h ) and AMPK phosphorylation (ESM Fig. 4i ). Compound C inhibited only AMPK (ESM Fig. 4j-l) . These results suggest that FGF21 activates an ERK1/2-mediated p38 MAPK-AMPK signalling pathway.
To rule out inhibitor non-specificity, the direct role of ERK1/2 in the top position of the signalling pathway was confirmed with Erk1/2 siRNA that almost completely abolished ERK1/2 phosphorylation (Fig. 2a, b) and expression (Fig. 2a, c) and the subsequent Fgf21-increased phosphorylation of p38 MAPK (Fig. 2a, d ) and AMPK (Fig. 2a, e) , which also abolished FGF21-mediated protection against palmitateinduced apoptosis (Fig. 2a, f) . To further validate the role of ERK1/2-p38 MAPK-AMPK signalling in FGF21-mediated cardiac protection in a more physiological context, the specific siRNAs against Erk1/2 (ESM Fig. 3a -c) and p38Mapk (ESM Fig. 3d -f) were also used to knockdown these kinases in adult cardiomyocytes. We found that Erk1/2 siRNA, but not control, almost completely abolished the FGF21-mediated increase in p38 MAPK and AMPK phosphorylation (Fig. 2g, h ), and p38Mapk siRNA had no significant effects on FGF21-mediated increase in ERK1/2 phosphorylation (Fig. 2i) , but significantly abolished the FGF21-mediated increase in AMPK phosphorylation (Fig. 2j) .
In addition, Pten siRNA almost completely abolished the phosphorylation (Fig. 2k, l) and abundance of PTEN (Fig. 2k, m) , which also prevented palmitate-induced apoptosis (Fig. 2k, n) , confirming the pivotal role of PTEN in the palmitate-induced apoptotic signalling pathway.
FGF21 prevents acute NEFA-infusion-induced cardiac apoptosis in mice To see whether FGF21 can also protect the heart from lipotoxicity in vivo, mice were intraperitoneally given NEFA (0.1 g/10 g) with and without FGF21 (100 μg kg
) for 10 days. NEFA significantly increased serum triacylglycerol levels, and this was not affected by FGF21 (Fig. 3a) . Significant cardiac apoptosis was observed in NEFA-infused mice, but not in mice with BSA or mice treated with FGF21 ( Fig. 3b-d) . FGF21 also significantly prevented the NEFA-mediated decrease in ERK1/2 ( Fig. 3e , f), p38 MAPK (Fig. 3e, g ) and AMPK phosphorylation (Fig. 3e, h ) and increase in PTEN phosphorylation (Fig. 3i ).
FGF21 prevents diabetes-induced cardiac apoptosis through ERK1/2 activation To confirm whether the antiapoptotic effect of FGF21 observed in the above studies can be replicated in type 1 diabetes, FGF21 (100 μg kg
) or vehicle was administered to diabetic and control mice for 10 days. FGF21 slightly decreased the blood glucose in diabetes, but had no effect on controls (Fig. 4a) . Additionally, FGF21 did not affect the plasma triacylglycerol level in either control or diabetic mice (Fig. 4b ).
TUNEL staining (Fig. 4c, d ) and caspase-3 cleavage (Fig. 4e) showed that FGF21 prevented diabetes-induced cardiac apoptosis. Diabetes also significantly decreased cardiac ERK1/2 ( Fig. 4f ), p38 MAPK ( Fig. 4g ) and AMPK ( Fig. 4h ) prevents palmitate-induced cardiac apoptosis and inactivation of ERKg1/2, p38 MAPK and AMPK. Pre-treatment of H9c2 cells with FGF21 (50 ng/ml) for 1 h was followed by co-treatment with palmitate (62.5 μmol/l) for 15 h. Caspase-3 cleavage (a) and DNA fragmentation (b) were detected as markers of apoptosis, and phosphorylation levels of ERK1/2 (c), p38 MAPK (d) and AMPK (e) were examined as markers of FGF21-mediated protection. Some H9c2 cells were treated with both FGF21 (50 ng/ml) and PD98059 (20 μmol/l), SB203580 (20 μmol/l) or compound C (10 μmol/l) 1 h before and during 15 h palmitate treatment, and then caspase-3 cleavage (f-h) and PTEN phosphorylation (l) were examined by western blot. Primary cardiomyocytes were pre-treated with FGF21 (50 ng/ml, light grey bar) or PBS (white bar) for 1 h followed by co-treatment with palmitate (62.5 μmol/l; black bar, PBS+palmitate; dark grey bar, FGF21+palmitate) in the presence of either siRNA against Erk1/2, p38Mapk or Ampk or control siRNA. Caspase-3 cleavage (i-k) was examined as above. Data were collected from at least three independent experiments and presented as mean ± SD. * p < 0.05 vs control; † p <0.05 vs palmitate; ‡ p < 0.05 vs palmitate/ FGF21; § p<0.05 vs control in Erk1/2, p38Mapk or Ampk siRNA treatment. C-cas3, caspase-3 cleavage; Com C, compound C; Con, control; p38, p38 MAPK; Pal, palmitate; PD, PD98059; SB, SB203580 phosphorylation and increased PTEN phosphorylation (Fig. 4i) , all of which were completely prevented by FGF21. These results suggest that FGF21 prevents diabetes-induced cardiac apoptosis via increasing ERK1/2, p38 MAPK and AMPK phosphorylation and inhibiting PTEN phosphorylation, as found in the in vitro study.
Inhibition of ERK1/2 by PD98059 (10 mg/kg daily, Fig. 4j, l) completely abolished FGF21-mediated prevention of diabetes-induced cardiac apoptosis (Fig. 4j, k) , and FGF21-maintained cardiac p38 MAPK (Fig. 4j, m) and AMPK phosphorylation (Fig. 4j, n) . Furthermore, inactivation of ERK1/2 also abolished FGF21-mediated prevention of diabetes-induced PTEN phosphorylation (Fig. 4j, o) . These results demonstrated that FGF21 prevented diabetes-related inhibition of ERK1/2, resulting in a reduction of diabetesinduced PTEN-activation-mediated apoptosis.
Fgf21-KO mice are more susceptible to diabetes-induced cardiac apoptosis To further define the protective role of endogenous FGF21, diabetes was induced in both Fgf21- Fig. 2 Inhibition of ERK1/2 or PTEN with siRNA attenuates FGF21-mediated anti-apoptotic function against palmitate. H9c2 cells were treated with FGF21 (50 ng/ml, light grey bar) or PBS (white bar) for 1 h followed by co-treatment with palmitate (62.5 μmol/l; black bar, PBS+ palmitate; dark grey bar, FGF21+palmitate) in the presence of either control or Erk1/2-specific siRNA and then western blotting was used to detect the phosphorylation levels of ERK1/2 (a-c), p38 MAPK (a, d) and AMPK (a, e), and caspase-3 cleavage (a, f). Primary cardiomyocytes were pre-treated with FGF21 (50 ng/ml, light grey bar) or PBS (white bar) for 1 h followed by co-treatment with palmitate (62.5 μmol/l; black bar, PBS+palmitate; dark grey bar, FGF21+palmitate) in the presence of either siRNA against Erk1/2 (g, h) or p38Mapk (i, j) or control siRNA. p38 MAPK, AMPK and ERK1/2 phosphorylation was examined by western blot. Some H9c2 cells were treated with PBS (white bar) or palmitate (black bar) in the presence of control or Pten siRNA, and the phosphorylation (k, l) and levels of PTEN (k, m) and caspase-3 cleavage (k, n) were examined by western blot. Data collection and presentation are the same as in Fig. 1 (Fig. 5a ) and plasma triacylglycerol (Fig. 5b) . Treatment of Fgf21-KO diabetic mice with FGF21 (100 μg kg −1 day −1 for 10 days) significantly decreased blood glucose compared with non-treated Fgf21-KO diabetic mice (Fig. 5a ). Apoptosis was significantly more abundant in the heart of Fgf21-KO mice with diabetes than in WT mice with diabetes ( Fig. 5c-f) , which was same as the PTEN phosphorylation profile (Fig. 5e, g ). The inhibition of ERK1/2 (Fig. 5e, h ), p38 MAPK (Fig. 5e, i) and AMPK (Fig. 5e, j) was also more evident in heart from Fgf21-KO mice with diabetes than in heart from WT mice with diabetes. FGF21 treatment of Fgf21-KO mice with diabetes completely reversed diabetesincreased apoptosis and PTEN phosphorylation and diabetesdecreased ERK1/2, p38 MAPK and AMPK phosphorylation (Fig. 5c-j) .
FGF21 prevents diabetes-induced cardiac remodelling and dysfunction through ERK1/2 activation The next study examined whether FGF21 prevention of cardiac apoptosis can result in prevention of cardiac remodelling and dysfunction. WT and Fgf21-KO mice with diabetes chronically treated with FGF21 (100 μg kg
) for 2 months showed a significant reduction in blood glucose, which was abolished by ERK1/2 inhibition in WT diabetes (Fig. 6a) . However, FGF21 treatment did not affect plasma triacylglycerol, which was significantly higher in Fgf21-KO diabetic mice compared with WT diabetic mice; the presence or absence of ERK1/2 inhibition did not affect plasma triacylglycerol in either the WT or the Fgf21-KO diabetic mice (Fig. 6b) .
Cardiac apoptosis was detected by TUNEL staining (Fig. 6c,  ESM Fig. 5 ) and caspase-3 cleavage (Fig. 6d, e) . There was significant cardiac apoptosis in diabetes, particularly in Fgf21-KO mice. Consistent with an apoptotic effect, PTEN phosphorylation was increased in diabetes (Fig. 6d, f) , and ERK1/2 ) for 10 days. Plasma triacylglycerol was measured using an assay kit (a). Cardiac apoptosis was detected by TUNEL (b, c) and caspase-3 cleavage (d); arrows in micrographs indicate apoptotic nuclei. Phosphorylation of ERK1/2 (e, f), p38 MAPK (e, g), AMPK (e, h) and PTEN (e, i) was examined by western blot. Data are presented as mean ± SD. n≥5 for each group. * p<0.05 vs control; † p<0.05 vs NEFA treatment. Scale bar, 100 μm. Con, control; p38, p38 MAPK; TAG, triacylglycerol (Fig. 6d, g ), p38 MAPK (Fig. 6d, h ) and AMPK inhibition (Fig. 6d, i) were also more evident in Fgf21-KO diabetic mice than in WT diabetic mice. These diabetes-induced apoptosis and associated signalling changes were prevented by FGF21 treatment (Fig. 6a-i) , but FGF21-mediated protection was significantly abolished by PD98059 treatment (Fig. 6a-i) . Diabetes also induced cardiac remodelling, shown by an increase in connective tissue growth factor ) or PBS daily for 10 days. Blood glucose (a) and plasma triacylglycerol (b) levels were examined using a blood glucose monitor or a triacylglycerol assay kit. Cardiac apoptosis was assessed by TUNEL (c, d) and caspase-3 cleavage (e); arrows in micrographs indicate the apoptotic nuclei. Phosphorylation of ERK1/2 (f), p38 MAPK (g), AMPK (h) and PTEN (i) was examined by western blot. Some mice were treated with both FGF21 and the ERK1/2 inhibitor PD98059 for 10 days. Caspase-3 cleavage (j, k) and ERK1/2 (j, l), p38 MAPK (j, m), AMPK (j, n) and PTEN (j, o) phosphorylation were detected by western blot. Data are presented as mean ± SD. n=8 for each group. * p<0.05 vs control; † p<0.05 vs diabetes; ‡ p<0.05 vs diabetes/FGF21. Scale bar, 100 μm. Ccas3, caspase-3 cleavage; Con, control; DM, diabetes; p38, p38 MAPK; PD, PD98059; TAG, triacylglycerol (CTGF) expression (Fig. 6d, j) and collagen accumulation (Fig. 6k, l) , which was significantly different in Fgf21-KO diabetic mice than in WT diabetic mice.
Diabetes-induced hypertension was significantly prevented by FGF21 treatment in both WT and Fgf21-KO diabetic mice ( Table 1 ). The preventive effects of FGF21 were abolished by ERK1/2 inhibition (Table 1) . Diabetes significantly reduced cardiac function, indicated by decreased ejection fraction (EF) and fractional shortening (FS) in both WT and Fgf21-KO mouse hearts (Table 1) . At the same time, diabetes also induced alterations in several structural indices (Table 1) , including decreased left ventricular (LV) postal wall thickness, increased end systolic LV inner diameter and volume, together with a small decrease in LV mass, but a significant increase in LV mass index, which reflects a greater body weight loss, in both WT and Fgf21-KO diabetes (Table 1 ). All these cardiac functional and structural changes were mildly but significantly improved by FGF21 treatment in both WT and Fgf21-KO diabetic mice, an effect that was abolished by ERK1/2 inhibition (Table 1) . Fgf21 deletion had no significant effects on cardiac structural and functional variables under basal conditions.
Discussion
The early upregulation of cardiac Fgf21 mRNA expression was found to gradually decrease with the progression of diabetes (ESM Fig. 2e) . We hypothesised that, besides induction of lipolysis to meet cardiac energy requirements, the early upregulation of cardiac FGF21 expression may be a compensatory effect to protect from the acute toxic effect of the accumulated intermediates of lipid metabolism in the heart. Here, we provide direct evidence for the anti-apoptotic effect of FGF21 in cardiac tissue, with protection against palmitate in the cultured cardiac cell line and primary cardiomyocytes and STZ-induced diabetes or NEFA infusion in mice. We have also demonstrated that FGF21 supplementation prevents the progression of diabetes-induced cardiomyopathy in both WT and Fgf21-KO mice, a finding that is supportive of previous studies showing FGF21 protects against myocardial ischaemia/reperfusion injury [18, 19] and isoprenalineinduced cardiac hypertrophy [20] .
Mice with Fgf21 deletion were more susceptible to diabetes-induced cardiac apoptosis, but cardiac structural and functional derangements were not exacerbated in these mice (Fig. 6a-1 and Table 1 ). This could be attributed to the relative time span of the diabetic model, as we have , light grey bar) or PBS (white bar) for 10 days. Blood glucose (a) and plasma triacylglycerol (b) levels were examined as above. Cardiac apoptosis was assessed by TUNEL (c, d) and caspase-3 cleavage (e, f); arrows in micrographs indicate the apoptotic nuclei. Phosphorylation of PTEN (e, g), ERK1/2 (e, h), p38 MAPK (e, i) and AMPK (e, j) was examined by western blot. n=8 for each group. established that diabetes-induced cardiac apoptosis at an early stage (7-21 days) leads to the development of diabetic cardiomyopathy in later life (4-6 months) [28] . Therefore, we could see increased apoptosis in Fgf21-KO diabetic mice at the early stage (2 months), but could not yet see any exacerbation of diabetes-induced cardiac structural and functional changes.
The insulin-sensitising and lipid-manipulating effects of FGF21 [29, 30] may not be the predominant contributor to cardiac protection by FGF21 in mice with STZ-induced type 1 diabetes, as these mice have severe insulin deficiency. We also only observed a slight glucose-lowing effect (Figs 4a, 5a and 6a), but without global lipid-lowering potency (Figs 4b, 5b and 6b) at a lower FGF21 dose level (100 μg kg
which is consistent with previous reports [30, 31] . Based on our in vitro studies showing that FGF21 protects against palmitate-induced cardiac apoptosis in H9c2 cells and primary cardiomyocytes, and also previous reports indicating that liver-and adipose-tissue-secreted FGF21 protects the heart from ischaemia/reperfusion injury [18] and exogenous FGF21 protects the heart from isoprenaline-induced cardiac hypertrophy [20] , we presume that cardiac protection from diabetes by FGF21 may predominantly be attributed to its direct actions on the heart. The present study elucidated the intracellular mechanisms by which FGF21 prevents palmitate-mediated apoptosis in vitro and NEFA-infusion-or diabetes-mediated apoptosis [35] [36] [37] . Zhu et al revealed that FGF21 ameliorates BP in a fructoseinduced hypertension model [38] . In the present study hypertension observed in a mouse model of type 1 diabetes was also prevented by FGF21 supplementation (Table 1) . Therefore, FGF21-mediated anti-hypertension effects might provide an additional beneficial effect on the diabetic heart in addition to FGF21-mediated direct protection from diabetes. This important issue will be further defined in future studies.
We found that the FGF21-activated AMPK following inhibition of PTEN function provided the anti-apoptotic effect, as either inhibition or knockdown of ERK1/2 or AMPK could completely abolish the inactivation of PTEN by FGF21 (Figs 1l, 4j, o and 6d, f) . PTEN is a lipid phosphatase that inhibits the phosphatidylinositol 3-kinase (PI3K) pathway, in which PI3K phosphorylates Akt to promote cell survival. The present study implies that the prevention of palmitate-induced cardiac apoptosis by FGF21 may partially depend on Akt. Our findings not only support previous studies showing that FGF21-mediated cardiac protection against ischaemia/ reperfusion injury is mediated by PI3K/Akt cell survival signalling under both in vitro and in vivo conditions [18, 19] , but also further establish FGF21-mediated cardiac protection against diabetic pathogenic changes via upregulation of ERK1/2-p38 MAPK-AMPK-mediated cell survival pathways.
It should be mentioned that the preventive effects of FGF21 on diabetic cardiac dysfunction were incomplete (84.5% for EF and 89.3% for LV mass index). This partial prevention may be related to the multiple pathogenic factors of diabetic cardiomyopathy [1] [2] [3] . Also, the prevention of diabetic cardiac apoptosis using FGF21 at 100 μg kg body weight −1 day
for 2 months may not be enough to completely prevent diabetes-induced cardiac dysfunction, and the dose will be optimised in future studies.
Conclusions In summary, our study reveals the following new findings: (1) FGF21 is expressed in the heart, and increases in cardiac FGF21 expression in type 1 diabetes is a protective mechanism for lipotoxicity-induced cardiac apoptosis in vitro and in vivo; (2) the cardioprotective effect of FGF21 against diabetic damage is mediated by ERK1/2-p38 MAPK-AMPK cell survival pathways. This study lays the groundwork for the potential clinical use of FGF21 to treat heart disease, particularly in diabetes.
